The immune system includes abundant examples of biologically-relevant cross-regulation of signaling pathways by the T cell antigen receptor (TCR) and the G protein-coupled chemokine receptor, CXCR4. TCR ligation induces transactivation of CXCR4 and TCR-CXCR4 complex formation, permitting the TCR to signal via CXCR4 to activate a phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger 1 protein (PREX1)-dependent signaling pathway that drives robust cytokine secretion by T cells. To understand this receptor heterodimer and its regulation, we characterized the molecular mechanisms required for TCR-mediated TCR-CXCR4 complex formation. We found that the cytoplasmic C-terminal domain of CXCR4 and specifically phosphorylation of Ser-339 within this region were required for TCR-CXCR4 complex formation. Interestingly, siRNA-mediated depletion of G protein-coupled receptor kinase-2 (GRK2) or inhibition by the GRK2-specific inhibitor, paroxetine, inhibited TCR-induced phosphorylation of CXCR4 -Ser-339 and TCR-CXCR4 complex formation. Either GRK2 siRNA or paroxetine treatment of human T cells significantly reduced T cell cytokine production. Upstream, TCR-activated tyrosine kinases caused inducible tyrosine phosphorylation of GRK2 and were required for the GRK2-dependent events of CXCR4 -Ser-339 phosphorylation and TCR-CXCR4 complex formation. Downstream of TCR-CXCR4 complex formation, we found that GRK2 and phosphatidylinositol 3-kinase ␥ (PI3K␥) were required for TCR-stimulated membrane recruitment of PREX1 and for stabilization of cytokine mRNAs and robust cytokine secretion. Together, our results identify a novel role for GRK2 as a target of TCR signaling that is responsible for TCR-induced transactivation of CXCR4 and TCR-CXCR4 complex formation that signals via PI3K␥/PREX1 to mediate cytokine production. Therapeutic regulation of GRK2 or PI3K␥ may therefore be useful for limiting cytokines produced by T cell malignancies or autoimmune diseases.
Abnormal expression of T cell cytokines is a prominent feature of immune dysregulation associated with many diseases, including autoimmune diseases and cancer (1, 2) . T cellmediated cytokine production critically regulates the differentiation and activation of innate and adaptive immune cells and directs the overall immune response (3) . T cell-mediated cytokine production is extensively regulated. Previous studies have documented cross-regulation of signaling between the T cell antigen receptor (TCR) 3 and chemokine receptor CXCR4 that impacts key T cell functions such as T cell migration, development, and immune activation (4 -11) . In particular, the stimulation of either CXCR4 or TCR with their respective ligand results in the physical association of these two receptors and downstream signal transduction controlling cytokine production (10, 12) . Although TCR and CXCR4 have been demonstrated to physically associate in response to TCR stimulation, the molecular mechanisms required for the TCR-mediated CXCR4 transactivation and TCR-CXCR4 complex formation responsible for controlling robust cytokine secretion by immune-activated T cells have not been characterized.
TCR recognition of its cognate antigen/MHC ligand results in the activation of multiple signaling pathways that result in T cell proliferation and cytokine production (13) . The TCR consists of six noncovalently-associated polypeptides: the variant ␣␤-subunits that dimerize to form the ligand-binding site of the receptor, and the invariant signal-transducing subunits CD3-⑀, -␦, -␥, and - (14) . Upon TCR recognition of its cognate antigen/MHC ligand, TCR receptor-associated intracellular tyrosine kinases such as Src kinases and ZAP-70 are activated and initiate multiple signaling pathways that drive T cell proliferation and cytokine production (14) . Another receptor that reg- karen@mayo.edu. 3 The abbreviations used are: TCR, T cell antigen receptor; GPCR, G proteincoupled receptor; PI3K␥, phosphatidylinositol 3-kinase ␥; PLA, proximity ligation assay; MHC, major histocompatibility complex; RTK, receptor tyrosine kinase; MAPK, mitogen-activated protein kinase; GRK, G proteincoupled receptor kinase; PIP 3 , phosphatidylinositol (3,4,5)-trisphosphate; YFP, yellow fluorescent protein; CFP, cyan fluorescent protein; PBMC, peripheral blood mononuclear cell; EGFR, epidermal growth factor receptor; IL, interleukin; IFN, interferon; qRT, quantitative RT; DAPI, 4Ј,6-diamidino-2-phenylindole; eGFP, enhanced green fluorescent protein; mAb, monoclonal antibody.
cro ARTICLE ulates TCR-mediated cytokine production is the G proteincoupled receptor (GPCR), CXCR4. CXCR4 is a chemokine receptor that regulates migration of both naive and activated T cells in response to CXCL12 (15, 16) . Previous studies from our laboratory have demonstrated that TCR ligation results in the transactivation of CXCR4 defined as phosphorylation of CXCR4 that results in the formation of TCR-CXCR4 complexes in the absence of its ligand CXCL12. The formation of these TCR-CXCR4 complexes activates a PREX1/Rac-1 pathway and enhances cytokine mRNA stability (12) . Understanding the mechanisms by which the TCR transactivates and physically associates with CXCR4 to form a TCR-CXCR4 heterodimer could lead to the discovery of new ways to therapeutically modulate cytokine production and thus treat disease.
Ligand-induced receptor heterodimers have been discovered in multiple cell types and shown to play critical roles in cellular function (17, 18) . Receptor heterodimers significantly expand the biological outcomes arising from ligation of a particular receptor by producing signaling outcomes distinct from either receptor alone (19) . These receptor heterodimers permit the ligated receptor to access signal transduction machinery associated with the other receptor and thus couple to additional signaling pathways (20 -22) . In various cell types, receptor tyrosine kinases (RTKs) have been shown to be able to transactivate CXCR4 and thus use CXCR4 to couple to a variety of CXCR4dependent signaling pathways (12, 23, 24) . For example, stem cell factor signaling through c-Kit results in the transactivation of CXCR4 and thereby regulates cardiac stem cell migration into infarcted cardiac tissue (25) . Moreover, insulin-like growth factor-1 receptor (IGF-1R) transactivation of CXCR4 is required for IGF-1-mediated metastasis in breast cancer (23) .
Despite progress in understanding the molecular mechanisms of RTK cross-regulation of CXCR4, little is currently understood about how an antigen-recognition receptor such as the TCR is able to transactivate and form heterodimers with CXCR4. RTK transactivation of CXCR4 has been shown in several cases to be associated with serine phosphorylation of CXCR4, which stimulates downstream outcomes such as cell motility, tumorigenesis, MAPK signaling, ␤-arrestin-mediated signaling, and receptor desensitization (25) (26) (27) (28) (29) . The CXCR4 cytoplasmic C-terminal "tail" domain contains multiple serines that can be phosphorylated. Several Ser/Thr kinases activated downstream of RTKs have been shown to be capable of phosphorylating CXCR4 at various sites, including PKC isoforms, PIM1, and G protein-coupled receptor kinases (GRKs) (25, 30) . The seven GRK family members represent three distinct families: the GRK1 family (GRK1 and GRK7), the GRK2 family (GRK2 and GRK3), and the GRK4 family (GRK4, GRK5, and GRK6). The GRK families share the N-terminal, catalytic, and RH domains; however, the GRK2 family has an additional pleckstrin homology domain that can bind to G␤␥ (31). T cells have been shown to express high levels of GRK2 and GRK3, and TCR stimulation further increases their expression (32) . Yet, until now, no role for a GRK in the mediation of TCR-induced cytokine production, CXCR4 transactivation, or TCR-CXCR4 complex formation has been described.
Recent studies from our laboratory demonstrated that CXCR4 is required for the TCR to stimulate a PREX1/Rac-1 signaling pathway that is required for stabilization of the cytokine mRNA transcripts (12) . However, the molecular mechanism responsible for the coupling of these receptors to PREX1 following TCR stimulation was not known. In other cell types, the Rac-GEF PREX1 can be regulated downstream of GPCRs via the G protein subunits G␤␥ and via the generation of PIP 3 by PI3K␥, which results in the plasma membrane recruitment and activation of PREX1 (24, 33) . PI3K␥ is composed of the catalytic subunit p110-␥ and either of the p101 or p85 regulatory subunits, and it can be activated via G␤␥ signaling downstream of GPCRs (34) . PI3K␦ has previously been linked to TCR signaling, T cell development, and immune function (35, 36) ; however, the role of PI3K␥ downstream of TCR stimulation has not been fully characterized.
Here, we identify a previously unknown function of GRK2 as a target of TCR-stimulated tyrosine kinases. We also show that GRK2 is required for the TCR-mediated transactivation of CXCR4, mediating phosphorylation of the CXCR4 residue Ser-339, which is required for TCR-CXCR4 complex formation. Consistent with these results, we additionally show that either depletion or inhibition of GRK2 significantly impaired the ability of T cells to produce high levels of IL-2 and IL-10 cytokines. Furthermore, PREX1 localization was inhibited using the PI3K␥ inhibitor IPI-549, and either inhibition or depletion of PI3K␥ significantly reduced TCR-mediated cytokine production. Together, these results significantly expand understanding of the molecular mechanisms responsible for cross-regulation of CXCR4 and the TCR in T cells.
Results

Cytoplasmic C-terminal tail domain of CXCR4 is required for the formation of TCR-CXCR4 complexes in response to TCR/ CD3 stimulation
We previously reported that the association of TCR with CXCR4 in response to ligation of the TCR is required for activation of a cytokine mRNA stabilization pathway that leads to robust production of IL-2 and IL-10 (12). To begin to address the molecular mechanisms responsible for receptor transactivation in this pathway, we determined the role of the cytoplasmic C-terminal tail portion of CXCR4, which contains several motifs known to regulate signaling (26, 30, 37, 38) . Fluorescence resonance energy transfer (FRET) (10 -12) was used to measure TCR-CXCR4 complex formation before and after TCR ligation and stimulation via cross-linked CD3 mAb. FRET occurs when the CFP-tagged molecule comes within 10 nm of the YFP-tagged molecule resulting in donation of energy upon exposure to 433 nm of light ( Fig. 1A ). Jurkat T cells were transiently transfected with plasmids encoding CD3--CFP and either WT CXCR4 (WT-CXCR4 -YFP) or ⌬322-CXCR4 (⌬322-CXCR4 -YFP), which has the C-terminal tail region truncated at amino acid residue 322 ( Fig. 1B) (39) . WT-CXCR4 -YFP and ⌬322-CXCR4 -YFP were expressed on the cell surface at similar levels, resulting in an ϳ2-fold increase in CXCR4 cell-surface levels in cells expressing these constructs as compared with cells transfected with the control vector ( Fig.  1 , C and D). As we showed previously (12) , in cells expressing WT-CXCR4 -YFP, 20 min of TCR/CD3 stimulation resulted GRK2 is required for TCR-induced TCR-CXCR4 complex formation in increased fluorescence in the YFP emission region (525-550 nm) and a corresponding decreased fluorescence in the CFP emission region (460 -500 nm), indicating the formation of TCR-CXCR4 complexes detectable by FRET ( Fig. 1E ). In contrast, CD3--CFP failed to donate energy to ⌬322-CXCR4 -YFP, indicating that the CXCR4 cytoplasmic tail is required for TCR-CXCR4 complex formation ( Fig. 1E ). Fig. 1F summarizes the results from multiple experiments performed as in Fig. 1E . To confirm these results, we assayed TCR-CXCR4 complex formation via proximity ligation assay (PLA), performed as The transfected cells were stimulated with 1 g/ml OKT3 and cross-linked with 0.1 mg/ml goat anti-mouse immunoglobulin G (IgG) for 20 min. Spectra of the same cells were analyzed for FRET before and after TCR/CD3 stimulation. Representative spectra from a single experiment are shown. F, summary of three independent experiments performed as in E; each bar represents the TCR/CD3 stimulation-induced percent change in CFP and YFP emission Ϯ S.E.; *, significantly different from WT-CXCR4 -YFP-expressing cells analyzed the same day (p Ͻ 0.05). G, schematic diagram of the PLA method used to detect the TCR-induced close proximity of CXCR4 -YFP and endogenous CD3 in H and I. H and I, Jurkat T cells were transiently transfected with either WT-CXCR4 -YFP or ⌬322-CXCR4 -YFP and then stimulated where indicated for 30 min with plate-bound CD3 mAb. H, representative images from a single experiment (original magnification ϫ100); red denotes PLA fluorescence that indicates receptor proximity; DAPI stains indicate cell nuclei; differential interference contrast (DIC) shows white light images of the cells. I, summary of three independent experiments performed as in H; 30 total cells were imaged and quantified per condition, and the mean total fluorescence Ϯ S.E. is indicated; *, significantly increased in PLA fluorescence in stimulated cells as compared with unstimulated cells (p Ͻ 0.05). ns, not statistically significant.
GRK2 is required for TCR-induced TCR-CXCR4 complex formation described previously (12) . PLA detects close interactions between two proteins via specific primary antibodies that bind to each protein and oligonucleotide-coupled secondary antibodies which, if in close proximity (Ͻ40 nm), result in oligonucleotide ligation, amplification, and visualization via in situ hybridization and confocal microscopy ( Fig. 1G ). Following a 30-min stimulation of the TCRs of Jurkat T cells transfected with either WT-CXCR4 -YFP or ⌬322-CXCR4 -YFP, the cells were fixed and stained with primary antibodies directed against endogenous CD3and YFP. TCR-CXCR4 complex formation was then assessed via PLA. Low levels of TCR-CXCR4 complex formation were detected in the absence of TCR stimulation, as shown by the minimal PLA (red) fluorescence in unstimulated cells ( Fig. 1H ). PLA fluorescence significantly increased following TCR ligation of WT-CXCR4-expressing cells, consistent with TCR-CXCR4 complexes formed in response to TCR/CD3 stimulation ( Fig. 1H ). In contrast, cells expressing ⌬322-CXCR4 failed to significantly increase PLA fluorescence upon T cell activation ( Fig. 1H ). Fig. 1I summarizes the results from multiple PLA experiments. Together, the results in Fig. 1 indi-cate that the cytoplasmic carboxyl tail of CXCR4 is required for the formation of TCR-CXCR4 complexes in response to TCR/ CD3-induced signaling.
Serine residues 338 and 339 in the CXCR4 cytoplasmic tail are required for the formation of TCR-CXCR4 complexes in response to TCR/CD3 stimulation
We previously showed that CXCR4 is phosphorylated on Ser-339 in response to TCR stimulation (12) . To determine whether this phosphorylation is involved in mediating TCR-CXCR4 complex formation, we used a CXCR4 mutant (SS338/ 339AA-CXCR4 -YFP) that has serine residues 338 and 339 mutated to alanine to eliminate their potential role as phosphorylation sites ( Fig. 2A ). SS338/339AA-CXCR4 -YFP and WT-CXCR4 -YFP constructs were expressed on the cell surface at similar levels ( Fig. 2B ). Interestingly, upon T cell activation, CD3--CFP failed to complex with and donate energy to SS338/339AA-CXCR4 -YFP at levels comparable with WT-CXCR4 -YFP via FRET analysis (Fig. 2C) . Similarly, PLA analysis detected no significant complex formation of CD3- A, schematic diagram of CXCR4 indicating the serine residues 338 and 339 that were mutated to alanine in SS338/339AA-CXCR4. B and C, Jurkat T cells were transiently transfected with CD3-CFP and either WT-CXCR4 -YFP or SS338/339AA-CXCR4 -YFP as in Fig. 1 , B-F. B, cell-surface expression of the indicated CXCR4 constructs, assayed by flow cytometry as in Fig. 1 , C and D. Bars denote mean fold-increase in cell-surface expression of CXCR4 Ϯ S.E.; n ϭ 3. C, FRET analysis was performed as in Fig. 1 , C-F. A summary of three independent experiments is shown; each bar represents the mean percent change Ϯ S.E. in CFP or YFP emission, respectively, in response to CD3 stimulation; *, significantly different from responses of cells expressing WT-CXCR4 -YFP analyzed the same day (p Ͼ 0.05). D and E, PLA analysis was performed as in Fig. 1 , H and I. D, representative images acquired the same day. E, summary of images was acquired in three independent experiments for a total of 30 cells per condition, and the mean total fluorescence Ϯ S.E. is indicated; *, significantly increased PLA fluorescence is stimulated as compared with unstimulated cells (p Ͻ 0.05). DIC, differential interference contrast. ns, not statistically significant.
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with SS338/339AA-CXCR4 upon ligation of TCR/CD3, compared with cells expressing WT-CXCR4 (Fig. 2 , D and E). Together, these results indicate a critical role for CXCR4 Ser-338 and Ser-339 in the mechanism by which T cell activation leads to TCR-CXCR4 complex formation.
The GRK2-specific inhibitor, paroxetine, impairs TCR/CD3stimulated CXCR4 Ser-339 phosphorylation, TCR-CXCR4 complex formation, and downstream IL-2 production
We next sought to identify the kinase responsible for phosphorylating CXCR4 Ser-339 in response to TCR stimulation. G protein-coupled receptor kinases (GRKs) are Ser/Thr kinases that are capable of phosphorylating several residues of the CXCR4 tail domain following CXCR4 stimulation by its chemokine ligand, CXCL12 (26, 30, 40) . A previous study showed that GRK2 constitutively associates with the TCR subunit CD3-⑀ in T cells (41) , suggesting a role for GRK2 in TCR signaling. To determine whether GRK2 is required for TCRmediated TCR-CXCR4 complex formation, we first inhibited GRK2 kinase activity via the specific inhibitor, paroxetine (42, 43) . Jurkat T cells were transfected as in Fig. 1 , C-F, pretreated with 0.1 M paroxetine, and then assayed for TCR-CXCR4 complex formation via FRET in response to TCR/CD3 stimulation. Cells pretreated with paroxetine displayed similar levels of CXCR4 cell-surface expression as compared with vehicletreated cells (Fig. 3A) . Interestingly, TCR/CD3-stimulated TCR-CXCR4 complex formation as detected by FRET was significantly inhibited by paroxetine treatment as compared with vehicle-treated control cells ( Fig. 3B ). Moreover, paroxetine treatment significantly inhibited the increased phosphorylation of CXCR4 Ser-339 seen in response to TCR/CD3 stimulation ( Fig. 3 , C and D), indicating that GRK2 activity is required for both the TCR/CD3 signaling-induced transactivation of CXCR4 and for TCR-CXCR4 complex formation.
We also assessed the role of GRK2 activity in the mechanism by which TCR signaling induces robust cytokine secretion, because this was previously shown to be a downstream outcome of TCR-CXCR4 complex formation in T cells (12) . Normal human T cells were purified from the peripheral blood of healthy donors (PBMC T cells), pretreated with either 3 M paroxetine or vehicle, and then assayed for cytokine secretion following activation with CD3 and CD28. Treatment of PBMC T cells with this concentration of paroxetine did not increase cell death during this assay as determined by annexin V staining ( Fig. 3 , E and F) or alter CXCR4 cell-surface expression ( Fig.  3G ). We assayed IL-2, IFN␥, and IL-10 secretion in response to TCR ligation. Fig. 3 , H and I, shows the cytokine secretion results of each individual blood donor as a colored line, and the black lines show the average results of all blood donors Ϯ S.E. Fig. 3H demonstrates, as expected, that anti-CD3 and anti-CD28 stimulation is required for detectable cytokine production by the PBMC T cells. Importantly, the results in Fig. 3I show that IL-2 cytokine production by TCR/CD3 ϩ CD28stimulated human T cells is significantly decreased by paroxetine pretreatment, consistent with paroxetine inhibiting the upstream GRK2-dependent process of TCR-induced TCR-CXCR4 complex formation. IL-10 production trended downward with paroxetine treatment (Fig. 3I ). Although not statisti-cally significant, this downward trend is consistent with the expected effects of blocking TCR-induced TCR-CXCR4 formation on IL-10 production (12) . As shown previously (12), IFN-␥ was not significantly inhibited upon disruption of TCR-CXCR4 complex formation ( Fig. 3I ). Together, the results in Fig. 3 indicate that treatment of T cells with the GRK2-specific inhibitor, paroxetine, inhibits TCR-induced TCR-CXCR4 complex formation, phosphorylation of CXCR4 Ser-339, and also downstream IL-2 production previously shown to be dependent on TCR-CXCR4 complex formation.
siRNA-mediated depletion of GRK2 significantly inhibits TCR/CD3-stimulated phosphorylation of CXCR4 Ser-339 and TCR-CXCR4 complex formation
To confirm the role of GRK2 in T cell signaling, we depleted GRK2 in Jurkat T cells via transfection of GRK2-specific siRNA, and we determined the effects on TCR-induced TCR-CXCR4 complex formation. Compared with cells transfected with control siRNA, cells transfected with either GRK2 siRNA #1 or GRK2 siRNA #2 significantly depleted GRK2 protein levels by ϳ50% ( Fig. 4 , A and F) while having no significant effects on CXCR4 cell-surface levels (Fig. 4, B and G) . FRET experiments performed as in Fig. 1 , E and F, revealed that TCR/CD3-stimulated TCR-CXCR4 complex formation was significantly inhibited by depletion of GRK2 ( Fig. 4, C and H) . Depletion of GRK2 also significantly inhibited the phosphorylation of CXCR4 Ser-339 in response to TCR/CD3 stimulation (Fig. 4, D and E) . Together, these experiments indicate that GRK2 is required for TCR-CXCR4 complex formation as well as phosphorylation of CXCR4 Ser-339 in response to T cell activation.
GRK2 is required for TCR/CD3-induced IL-2 and IL-10 production by normal human T cells purified from peripheral blood
Because TCR-CXCR4 complex formation is known to be required for high IL-2 and IL-10 production following ligation of the TCR (12), we also examined the effect of GRK2 depletion on cytokine secretion. Human PBMC T cells were transiently transfected with either GRK2 siRNA #1 or GRK2 siRNA #2, which reduced GRK2 protein expression by ϳ50% ( Fig. 5 , A and E) while having no detectable effect on cellular apoptosis (Fig. 4 , B and F) or CXCR4 cell-surface expression ( Fig. 5, C and G) . Importantly, TCR/CD3-stimulated production of both IL-2 and IL-10 was significantly inhibited in GRK2-deficient human T cells transfected with either GRK2 siRNA #1 or #2 (Fig. 5 , D and H). IFN-␥ production was not significantly altered by depletion of GRK2 (Fig. 5, D and H) , consistent with our previous report that production of this cytokine is less impacted by TCR-CXCR4 formation than IL-2 and IL-10 (12) . Altogether, the results in Figs. 3-5 indicate that GRK2 is required for the TCR/CD3 ligation-induced signaling pathway that results in the phosphorylation of CXCR4 at Ser-339, and this event is required for TCR-CXCR4 complex formation necessary for the robust downstream production of IL-2 and IL-10 cytokines by stimulated T cells.
GRK2 is required for TCR-induced TCR-CXCR4 complex formation TCR/CD3-stimulated Src family and ZAP-70 tyrosine kinases are required for TCR-CXCR4 complex formation
To explore the molecular mechanisms by which TCR signaling leads to GRK2 activation, we sought to identify TCR-induced kinases required for TCR-CXCR4 complex formation. Previous studies have shown that Src kinases can activate or enhance GRK2 activity (44) . TCR signaling proceeds via the Src-family tyrosine kinases Lck and Fyn (43) . Therefore, we tested whether TCR-stimulated Src family and ZAP-70 tyrosine kinases are required for the GRK2-dependent events of CXCR4 Ser-339 phosphorylation and TCR-CXCR4 complex formation. PP2 inhibition of Src kinases significantly decreased 
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the ability of TCR/CD3 stimulation to induce TCR-CXCR4 complex formation as assayed by either FRET or PLA (Fig. 6, A,  C, and D) . Additionally, we used piceatannol to inhibit ZAP-70, a tyrosine kinase that binds directly to the TCR and mediates TCR-induced signal transduction following Lck-dependent TCR phosphorylation (45, 46) . The results show that piceatannol pretreatment significantly decreased TCR-induced TCR-CXCR4 complex formation as assayed by either FRET or PLA ( Fig. 6, B, C, and D) . We further showed that pretreating cells with either PP2 or piceatannol significantly decreased TCR- 
induced phosphorylation of CXCR4 Ser-339 (Fig. 6, E and F) . Together, these results indicate that TCR-activated tyrosine kinases lead to activation of GRK2 and that GRK2 subsequently phosphorylates CXCR4 on Ser-339 to induce formation of the TCR-CXCR4 complexes responsible for the robust IL-2 and IL-10 cytokine secretion of TCR-activated T cells. A-H, PBMC T cells isolated from healthy human donors were transfected with either control nontargeting siRNA, GRK2 siRNA #1, or GRK2 siRNA #2 and then cultured for 48 h. A and E, representative immunoblots demonstrating GRK2 depletion at 48 h. B and F, after the 48-h incubation, the cells were stimulated with 1 mg/ml plate-bound OKT3 and soluble CD28 for 24 h, and then apoptosis was assayed via annexin-V staining as in Fig. 3 , E and F. A summary of results from four different blood donors is shown for each GRK2 siRNA; bars denote the mean % of primary T cells staining positive for annexin-V Ϯ S.E.; n ϭ 4. C and G, CXCR4 cell-surface expression was measured via flow cytometry 48 h after depletion of GRK2 via siRNAs. Bars denote the mean percentage of CXCR4 expression as compared with control siRNA-transfected cells analyzed the same day Ϯ S.E.; n ϭ 3. D and H, human PBMC T cells were depleted of GRK2 as above and were then stimulated with CD3 ϩ CD28 mAb for an additional 24 h as in Fig. 3H . Culture supernatants were then assayed for cytokines as in Fig. 3H . *, significantly different from control cells; p Ͻ 0.05. ns, not statistically significant.
GRK2 is required for TCR-induced TCR-CXCR4 complex formation TCR/CD3 stimulation induces tyrosine phosphorylation of GRK2 via a mechanism requiring a Src kinase
Next, we sought to determine whether GRK2 is tyrosinephosphorylated in response to TCR/CD3 ligation. Src kinasemediated phosphorylation of GRK2 has been shown to enhance GRK2 kinase activity downstream of EGFR activation (43, 44) . Indeed, we found that CD3 mAb stimulation of Jurkat T cells for 5 min significantly increased the tyrosine phosphorylation of endogenous GRK2 by ϳ5-fold (Fig. 7, A and B) . Consistent with this response being mediated by TCR/CD3-initiated signaling, this TCR/CD3-induced GRK2 tyrosine phosphorylation was abrogated by pretreating cells with the Src kinase inhibitor PP2 (Fig. 7, A and B) (47) . Thus, the TCR/CD3 stimulation of T cells uses Src kinases to either directly or indirectly tyrosine-phosphorylate GRK2.
PREX1 plasma membrane localization depends on GRK2 and PI3K␥
Because we previously demonstrated that activation of the PREX1/Rac-1 signaling pathway enhances the stability of IL-2, IFN-␥, and IL-10 transcripts (12), we sought to understand the role of GRK2-mediated transactivation of CXCR4 in PREX1 signaling. Activation of PREX1 can be initiated by its localization to the membrane from the cytoplasm (34, 48, 49) ; therefore, we assayed whether GRK2-mediated transactivation of CXCR4 mobilizes PREX1 to the membrane. Utilizing a PREX1-GFP fusion protein, Fig. 8A shows that CD3 stimulation induces the localization of PREX1-GFP to the plasma membrane in Jurkat T cells. Plasma membrane localization was measured using the fluorescence profile across the cell (Fig. 8A) and calculated as a percent of PREX1 fluorescence at the cell membrane versus cytoplasm (Fig. 8B ). Furthermore, inhibition of GRK2 with paroxetine led to a significant reduction in PREX1 membrane localization in response to TCR ligation (Fig. 8, A and B) . PREX1 was previously shown to be recruited to the membrane downstream of GPCRs by PI3K␥-generated PIP 3 (33, 48, 49) . To assess the role of PI3K␥ in mediating PREX1 localization to the membrane in response to TCR stimulation, we used the PI3K␥-specific inhibitor IPI-549. Interestingly, inhibition of PI3K␥ resulted in significantly impaired PREX1 membrane localization in response to TCR stimulation (Fig. 8, C and D) . Together, the results in Fig. 8 indicate that GRK2 is required for PI3K␥-dependent PREX1 membrane localization in response to TCR ligation.
PI3K␥-specific inhibitor, IPI-549, impairs TCR/CD3-stimulated cytokine production by decreasing mRNA stability
To confirm the role of PI3K␥ in TCR-mediated cytokine production through PREX1 and mRNA stability (12), we treated PBMC T cells with the PI3K␥-specific inhibitor IPI-549 and assayed cytokine production. Treatment of the PBMC T cells with 1 M IPI-549 did not increase cell death as assayed by annexin V staining ( Fig. 9A ) or alter CXCR4 cell-surface expression ( Fig. 9B ). Nevertheless, inhibition of PI3K␥ with IPI-549 led to significant reductions in IL-2, IFN-␥, and IL-10 production ( Fig. 9C ). As a control to demonstrate IPI-549 does not inhibit IL-2 gene transcription, we utilized an IL-2 luciferase promoter construct. Inhibiting PI3K␥ did not significantly alter CD3 ϩ CD28-induced transcription from the IL-2 promoter (Fig. 9D) . In contrast, we found that inhibition of PI3K␥ with IPI-549 led to a decrease in the half-life of IL-2 and IFN-␥ tran- Fig. 1 , C-F, except that where indicated cells were pretreated for 30 min with 10 M PP2, 0.1 M piceatannol, or DMSO (vehicle) prior to TCR/CD3 stimulation. TCR/CD3-stimulated TCR-CXCR4 complex formation was subsequently assayed by FRET as in Fig. 1, E and F. The results of three independent experiments are shown Ϯ S.E.; n ϭ 3; *, significantly different from vehicle (DMSO)-pretreated cells analyzed the same day; p Ͻ 0.05. C and D, Jurkat T cells were transiently transfected with WT-CXCR4 -YFP and analyzed for TCR/CD3-stimulated TCR-CXCR4 complex formation by PLA as in Fig. 1, G and H, except that cells were pretreated with drugs or DMSO (vehicle) as in A and B prior to TCR/CD3 stimulation. C, representative images; D, summary of multiple images acquired in three independent experiments; the mean total cell fluorescence Ϯ S.E. is shown; 30 total cells per condition were imaged and quantified; *, significantly increased PLA fluorescence was detected in stimulated cells as compared with unstimulated cells; p Ͻ 0.05. E and F, following pretreatment with the indicated inhibitor for 30 min, Jurkat T cells were stimulated via CD3 mAb, and pSer-339 -CXCR4 was assayed as in Fig. 3 , C and D. E, representative result; F, summary of three independent experiments performed as in E and quantified by densitometry Ϯ S.E.; *, significantly different from vehicle (DMSO)-pretreated cells; p Ͻ 0.05. DIC, differential interference contrast. ns, not statistically significant.
Figure 7. TCR/CD3 stimulation induces GRK2 tyrosine phosphorylation via a mechanism requiring an Src kinase.
A and B, Jurkat T cells were pretreated with either DMSO or 1 M PP2 for 30 min followed by 5 min of TCR/CD3 stimulation as in Fig. 3C . The cells were lysed, and GRK2 was immunoprecipitated and immunoblotted for phosphotyrosine using a pTyr-specific antibody. The same blot was stripped and re-probed for total GRK2 as a control. A, representative result; B, summary of three independent experiments performed as in A and quantified by densitometry; each bar denotes the mean fold-increase of pTyr GRK2 in TCR/CD3-stimulated cells as compared with unstimulated cells Ϯ S.E.; n ϭ 3; *, significantly different from unstimulated cells; p Ͻ 0.05. ns, not statistically significant.
GRK2 is required for TCR-induced TCR-CXCR4 complex formation scripts ( Fig. 9, E-H) . Fig. 9 , E and G, shows representative mRNA decay curves of individual T cell donors for DMSO-and IPI-549 -treated samples. Fig. 9 , F and H summarizes the decreases in mRNA half-life for each individual donor tested. We were unable to measure the half-life of IL-10 transcripts in these donors' T cells because they were below the limit of detection for several time points. Together with the results in Fig. 8 indicating that PI3K␥ is required for TCR-mediated PREX1 membrane localization and our previous report that PREX1 mediates cytokine mRNA stabilization downstream of TCR-CXCR4 formation (12) , the results in Fig. 9 indicate that PI3K␥ is required to couple TCR-CXCR4 to downstream PREX1-mediated cytokine mRNA stabilization that leads to enhanced cytokine production.
PI3K␥ is required for TCR/CD3-induced IL-2 and IL-10 production by normal human T cells purified from peripheral blood
To confirm the role of PI3K␥ in TCR/CD3-induced cytokine production, we depleted PI3K␥ via siRNA. Human PBMC T cells were transiently transfected with either PI3K␥ siRNA #1 or PI3K␥ siRNA #2, which reduced PI3K␥ protein expression by at least 50% (Fig. 10A) while having no detectable effect on cellular apoptosis (Fig. 10B) or CXCR4 cell-surface expression ( Fig. 10C) . Depletion of PI3K␥ with siRNA #1 led to a significant decrease in IL-2, IFN-␥, and IL-10 production (Fig. 10D) . Depletion of PI3K␥ with siRNA #2 also led to a significant decrease in IL-2 (Fig. 10E) . Although not significant, depletion of PI3K␥ with siRNA #2 resulted in a trend of decreased IL-10 production (Fig. 10E ). IFN-␥ production was not significantly altered upon depletion of PI3K␥ with siRNA #2 (Fig. 10E) . These results are consistent with PI3K␥ being required for robust IL-2 and IL-10 production by TCR-stimulated primary human T cells.
GRK2 mediates TCR-induced transactivation of CXCR4 and TCR-CXCR4 complex formation required for PI3K␥/PREX1 signaling and robust T cell cytokine secretion
Altogether, the results from this study led to the proposed model in Fig. 11 ; TCR/CD3 stimulation results in the activation Figure 8 . PREX1 membrane localization depends on GRK2-mediated transactivation of CXCR4 and PI3K␥. A-D, Jurkat T cells were transiently transfected with eGFP-PREX1. Cells were fixed, permeabilized, mounted, and imaged. A and C, representative images and fluorescence profile for the indicated treatments. B and D, summary of multiple images acquired in three independent experiments; the mean percent PREX1 localized to membrane Ϯ S.E. is shown; 30 total cells per condition were imaged and quantified; *, significantly increased membrane fluorescence was detected in stimulated cells as compared with unstimulated cells; p Ͻ 0.05. DIC, differential interference contrast. ns, not statistically significant.
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of GRK2 through Tyr phosphorylation by an Src kinase. GRK2 then transactivates CXCR4 by phosphorylation of CXCR4 -Ser-339, which is required for TCR-CXCR4 complex formation. TCR-CXCR4 complexes induce PREX1 localization to the plasma membrane via a mechanism requiring PI3K␥. Activation of the PREX1 signaling pathway downstream of the TCR-CXCR4 complex results in mRNA stabilization and thus robust IL-2 and IL-10 production.
Discussion
We recently demonstrated that stimulation of the TCR results in the transactivation of CXCR4 and a physical interaction between the TCR and CXCR4. We showed that this allows CXCR4 to activate the PREX1/Rac-1 pathway and thereby enhance downstream IL-2 and IL-10 cytokine production (12) . Here, we focused on characterizing the molecular mechanisms responsible for the formation of TCR-CXCR4 complexes that Figure 9 . PI3K␥ is required for TCR/CD3-induced IL-2 and IL-10 production by normal human T cells purified from peripheral blood. A-C, PBMC T cells isolated from healthy human donors were cultured overnight and treated with DMSO or 1.0 M IPI-549 for 1 h. A, after the 1-h treatment, the cells were stimulated with 1 mg/ml plate-bound OKT3 and soluble CD28 for 24 h, and apoptosis was assayed via annexin-V staining as in Fig. 3 , E and F. Summary of results from four different blood donors are shown; bars denote the mean % of primary T cells staining positive for annexin-V Ϯ S.E.; n ϭ 4. B, CXCR4 cell-surface expression was measured via flow cytometry after treatment with DMSO or IPI-549. Bars denote the mean percentage of CXCR4 expression as compared with control DMSO-treated cells analyzed the same day Ϯ S.E.; n ϭ 4. C, human PBMC T cells were treated as above and were then stimulated with CD3 ϩ CD28 mAb for 24 h as in Fig. 3H . Culture supernatants were assayed for cytokines as in Fig. 3H . *, significantly different from control cells; p Ͻ 0.05. D, Jurkat T cells were transiently transfected with an IL-2 promoter luciferase reporter construct, incubated for 16 -18 h, treated with 1.0 M IPI-549 for 1 h, stimulated with 1 mg/ml plate-bound OKT3 and soluble CD28 for 16 h, and then assayed for luciferase activity. Each bar denotes the mean relative light units (RLU) Ϯ S.E., n ϭ 3, p Ͼ 0.05. E-H, PBMC T cells were pretreated with IPI-549 for 1 h and then stimulated with 1 mg/ml plate-bound OKT3 and soluble CD28 5.5 h prior to addition of actinomycin D. mRNA levels of the indicated cytokine mRNA were assayed via qRT-PCR at the indicated times after addition of actinomycin D. E and G, representative mRNA decay curve for IL-2 mRNA (E) and IFN-␥ (G) mRNA using T cells from one human donor. Each point denotes the mean % of mRNA remaining Ϯ S.D.; n ϭ 3. F and H, summary of the half-lives for IL-2 mRNA (F) and IFN-␥ mRNA (H) for T cells from three human donors, and each bar denotes the mean half-life (min) Ϯ S.D. for that donor; *, significantly different from vehicle-treated cells, n ϭ 3. ns, not statistically significant.
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mediate activation of the PREX1 pathway required for IL-2 and IL-10 production. Our results identify GRK2 as critically required for TCR signaling to result in the transactivation of CXCR4 and the formation of TCR-CXCR4 complexes. We showed that GRK2 protein expression and kinase activity are both required for the TCR-induced phosphorylation of CXCR4 -Ser-339 and for the subsequent formation of TCR-CXCR4 complexes as detected via both FRET and proximity ligation assays. These results indicate that the expression and activity of GRK2 are both required for TCR signaling to result in robust cytokine production by normal human peripheral blood T cells, an outcome previously shown to be dependent on TCR signaling via TCR-CXCR4 complexes (12) . Furthermore, we demonstrated that TCR coupling to this pathway requires Figure 10 . PI3K␥ is required for TCR/CD3-induced IL-2 and IL-10 production by normal human T cells purified from peripheral blood. A-E, PBMC T cells isolated from healthy human donors were transfected with either control nontargeting siRNA, PI3K␥ siRNA #1, or PI3K␥ siRNA #2 and then cultured for 48 h. A, representative immunoblots demonstrating PI3K␥ depletion at 48 h. B, after the 48-h incubation, the cells were stimulated with 1 mg/ml plate-bound OKT3 and soluble CD28 for 24 h, and then apoptosis was assayed via annexin-V staining as in Fig. 3 , E and F. Summary of results from four different blood donors is shown for each PI3K␥ siRNA; bars denote the mean % of primary T cells staining positive for annexin-V Ϯ S.E.; n ϭ 4. C, CXCR4 cell-surface expression was measured via flow cytometry 48 h after depletion of PI3K␥ via siRNAs. Bars denote the mean percentage of CXCR4 expression as compared with control siRNA-transfected cells analyzed the same day Ϯ S.E.; n ϭ 3. D and E, human PBMC T cells were depleted of PI3K␥ as above and were then stimulated with CD3 ϩ CD28 mAb for an additional 24 h as in Fig. 3H . Culture supernatants were then assayed for cytokines as in Fig. 3H . *, significantly different from control cells; p Ͻ 0.05. ns, not statistically significant.
upstream activation of Src kinases and ZAP-70, tyrosine kinases that associate with the activated TCR and mediate TCR signaling (14) . We showed that TCR-stimulated Src kinase activity is required for inducible GRK2 tyrosine phosphorylation and for the GRK2-dependent events of TCR-stimulated phosphorylation of CXCR4 on Ser-339 and TCR-CXCR4 complex formation. Furthermore, we demonstrated that GRK2-mediated TCR-CXCR4 complex formation was required for the TCR to stimulate plasma membrane localization of PREX1 via PI3K␥. We therefore characterized a novel role for PI3K␥ in mediating the mRNA stabilization of TCRmediated IL-2 and IFN-␥ transcripts. Together, our results characterize a previously unknown TCR-stimulated signaling pathway in which the TCR utilizes the TCR-associated tyrosine kinases to activate GRK2, which then phosphorylates CXCR4, thereby inducing formation of the TCR-CXCR4 heterodimers that mediate robust TCR-induced cytokine secretion via a PI3K␥/PREX1 pathway.
In this study, we demonstrated that GRK2-mediated phosphorylation of CXCR4 -Ser-339 is required for TCR-CXCR4 complex formation. Phosphorylation of CXCR4 -Ser-339 most likely recruits one or more adaptor or scaffold proteins to the receptor that subsequently mediate signaling culminating in TCR-CXCR4 receptor complex formation. Phosphorylation of sites within the CXCR4 C-terminal region has previously been shown to recruit several scaffold proteins to the receptor, including ␤-arrestin 1 and 2, p52Shc, SHP2, Cbl, and drebrin (50 -53) ; these or other scaffold proteins could play a role in mediating the physical association between the TCR and CXCR4. Alternatively or in addition, multiple scaffold and adapter proteins, including LAT, GADS, and SLP-76, participate in TCR signaling and could also be involved in mediating TCR-CXCR4 formation following GRK2 phosphorylation of CXCR4 (14) .
By increasing understanding of the molecular mechanisms that regulate T cell-mediated cytokine production, the results described here could potentially lead to new therapies to regulate aberrant cytokine production in autoimmune diseases, allergies, and malignancies. IL-2 and IL-10 play crucial roles in modulating the immune response. IL-2 is necessary for T cell proliferation and differentiation; IL-2 is also important for induction of the T cell death mechanism, activation-induced cell death, that is essential for returning the immune system to homeostasis after a challenge by, for example, a viral infection (54) . IL-10 is also a critical immune system regulator that is required for immune tolerance and provides balancing immunosuppression during inflammatory immune responses (55) . Higher or lower levels of these and other cytokines are responsible for skewing the immune response toward a specific outcome, for example, by determining whether a particular immune response will be a Th1 (e.g. inflammatory) response versus a Th2 (e.g. allergic) response (56) . Thus, our results indicate that the modulation of GRK2 expression and function in T cells could be a way to significantly regulate the immune response.
Antigen recognition receptor-mediated activation of GRK2 that results in the transactivation of a GPCR and receptor complex formation has not previously been described. Signaling from other GPCRs, RTKs, and antigen receptors has been demonstrated to form receptor heterodimers with or alter the activation state of CXCR4 through phosphorylation (19, 57) . Stimulation of the GPCR CXCR7 results in CXCR7-CXCR4 complexes that allow CXCR7 to access ␤-arrestin and enhance chemotaxis (58) . The RTKs EGFR, c-Kit, and IGF-1R have all been demonstrated to transactivate and use CXCR4 to couple to a variety of GPCR-dependent signaling pathways such as those that increase cell motility, tumorigenesis, MAPK signaling, ␤-arrestin-mediated signaling, and receptor desensitiza- 
tion (23, (25) (26) (27) (28) (29) . Stimulation of the B cell antigen receptor results in the desensitization of CXCR4 through phosphorylation (59) . Thus, CXCR4, although ubiquitously expressed, can be used by different receptors in various cell types to activate distinct signaling pathways with specific outcomes. Our study characterizing the mechanisms by which the TCR utilizes GRK2 to transactivate and physically associate with CXCR4 may provide further insight into how other receptors might be transactivating and using CXCR4.
We report here that TCR signaling leads to rapid tyrosine phosphorylation of GRK2 via an Src kinase-dependent signaling pathway. Prior studies have demonstrated that phosphorylation of GRK2 at Tyr-13, Tyr-86, and Tyr-92 by Src kinases enhances GRK2 kinase activity (44, 60) . Our results show that GRK2 is Tyr-phosphorylated by a TCR-activated Src kinase upon T cell activation. GRK2 has been previously shown to associate with the basal, unstimulated form of the TCR (41) , which could bring GRK2 into proximity of TCR-induced Src kinases allowing the phosphorylation to occur. Alternatively, because we found that activation of another tyrosine kinase, ZAP-70, is also required for this pathway, Src kinases might also play an indirect role in activating GRK2 in response to TCR stimulation. TCR signaling is known to activate other tyrosine kinases that could also participate in activating GRK2 (61-63). Thus, TCR-mediated activation of Src kinases could lead to ZAP-70 activation, and ZAP-70 could then signal to either directly or indirectly phosphorylate and activate GRK2.
Our results suggest that blocking TCR-CXCR4 complex formation by targeting GRK2 might be useful in treating autoimmunity. Indeed, the selective GRK2 inhibitor paroxetine has been shown to reduce inflammation in rheumatoid arthritis (64, 65) . Certain autoimmune diseases feature both elevated T cell cytokines and increased CXCR4 expression on pathogenic T cells (66, 67) . It has been proposed that this elevated CXCR4 expression contributes to the increased T cell migration of these T cells into inflamed tissues (68, 69) ; the results in this paper additionally suggest that elevated CXCR4 might also significantly contribute to increased IL-2 production and thereby the increased proliferation of the pathogenic T cell clones. Thus, our further characterization of the signaling mechanisms that mediate a TCR-induced cytokine production may lead to novel therapies for immune diseases.
Experimental procedures
Materials
The following reagents were used: IPI-549 (Selleckchem); paroxetine (Sigma); PP2 and piceatannol (Calbiochem); fibronectin (BD Biosciences); anti-CXCR4 (clone 12G5, R&D Systems); biotinylated OKT3 (eBiosciences); anti-CD28, anti-CD3, anti-CXCR4, and avidin (BD Biosciences); anti-pTyr, clone 4G10 (Millipore); anti-GRK2 (ThermoFisher Scientific); and anti-phospho-CXCR4 -Ser-339 (Abcam).
Cells
Jurkat T cells were maintained as described (10, 12) . Normal human peripheral blood T cells (PBMC T cells) from anonymous healthy volunteers were isolated from peripheral blood with ϳ98% purity and maintained as described (10); this use of human blood was approved by the Mayo Clinic Institutional Review Board.
FRET
Plasmids encoding WT-CXCR4-YFP, SS338/339AA-CXCR4-YFP, ⌬322-CXCR4 -YFP, and CD3-CFP were previously described here (10, 34) . FRET assays were performed as described previously (12) . Briefly, Jurkat T cells were transiently transfected with plasmid expression constructs encoding the indicated tagged proteins, plus either 750 nmol of control siRNA or 750 nmol of GRK2 siRNA where indicated, and cultured for 16 h. Where indicated, transfected cells were treated with 0.1 M paroxetine, vehicle (DMSO), 10 M PP2, or 1 M piceatannol for 30 min immediately prior to FRET analysis. TCR/CD3-stimulated TCR-CXCR4 complex formation was analyzed by FRET analysis as described previously (10 -12) . Fluorescent emission spectra in response to 433 nm light were measured using the Varioskan Flash (ThermoFisher Scientific) before and after CD3 stimulation via cross-linked CD3 mAb (OKT3). Percent change in YFP or CFP in response to CD3 stimulation was determined by calculating the difference in emission intensity over the CFP range (460 -500 nm) or the YFP range (525-550 nm) and normalizing this change to the total fluorescence of the unstimulated sample.
PLA PLA was performed as described (12) . Jurkat T cells were transiently transfected with the indicated constructs as for the FRET experiments above, and cells were cultured for 16 h, pretreated with vehicle (DMSO), 10 M PP2, or 1 M piceatannol for 30 min where indicated, centrifuged onto coverslips coated with fibronectin and 1 g/ml CD3 mAb (OKT3), and stimulated by incubation at 37°C for 30 min. Cells were then fixed with 3% paraformaldehyde, permeabilized with 0.15% Triton Surfact-amps (ThermoFisher Scientific), blocked with 5% BSA, 0.1% glycine, PBS, incubated overnight at 4°C with goat anti-GFP and rabbit anti-CD3-, and processed using the DUOLINK In SITU kit (Sigma). PLA was imaged using an LSM780 laser-scanning confocal microscope (Carl Zeiss) with a ϫ100/1.46 oil objective and laser/emission filter: 488/500 -554 for CXCR4-YFP to identify transfected cells, 405/411-481 for 4Ј,6-diamidino-2-phenylindole (DAPI) (blue), and 594/624 for PLA (red). ZEN software was used for imaging. FIJI was used to assess total PLA fluorescence.
CXCR4 -Ser-339 phosphorylation assay
Jurkat T cells were transiently transfected with WT-CXCR4-YFP Ϯ siRNA where indicated and cultured for 16 h. Cells were pretreated with 0.1 M paroxetine, vehicle (DMSO), 10 M PP2, or 1 M piceatannol as indicated for 30 min immediately prior to CD3 stimulation. Cells were stimulated via CD3 mAb (OKT3)-biotin cross-linked with avidin for 5 min and then lysed with 1% Triton buffer. WT-CXCR4 -YFP was immunoprecipitated using anti-GFP. Phosphorylation of CXCR4 -Ser-339 was assayed by SDS-PAGE and immunoblotting with phospho-CXCR4 -Ser-339 specific antisera (Abcam). As a control, the same blots were stripped and reprobed for total CXCR4 (R&D Systems).
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Apoptosis assay PBMC T cells from healthy donors were purified, transfected with the indicated siRNA, and then cultured for 48 h. Alternatively, PBMC T cells were pretreated with 3 M paroxetine, 1 M IPI-549, or vehicle (DMSO) for 1 h immediately prior to CD3 ϩ CD28 stimulation. Cells were stimulated for 24 h with plate-bound CD3 mAb (OKT3) and 12.5 g/ml soluble anti-CD28. Cells were harvested, stained with annexin V conjugated to allophycocyanin (APC), and analyzed by flow cytometry to detect cellular apoptosis.
Cytokine production assay
PBMC T cells from healthy donors were treated with 3 M paroxetine, 1 M IPI-549, or vehicle (DMSO). Alternatively, PBMC T cells were transiently transfected with 750 nM control siRNA (Dharmacon), GRK2 siRNA-1 (Dharmacon), GRK2 siRNA-2 (Ambion), PI3K␥ siRNA-1 (Dharmacon), and PI3K␥ siRNA-2 (Ambion) utilizing the human T cell nucleofector kit (Lonza) with program U-014. Human T cells were cultured for 48 h and then stimulated for 24 h with plate-bound 1 g/ml CD3 mAb (OKT3) and 12.5 g/ml soluble anti-CD28. Culture supernatants were harvested, and cytokine production was analyzed via ELISA (BD Biosciences).
GRK2 Tyr phosphorylation assay
Jurkat T cells were pretreated with either 10 M PP2 or vehicle (DMSO) and then stimulated with CD3 mAb (OKT3-biotin) and cross-linked with avidin for the indicated time. Endogenous GRK2 was immunoprecipitated with GRK-2 antibody (ThermoFisher Scientific) and analyzed by SDS-PAGE and immunoblotting with anti-phosphotyrosine (clone 4G10; Millipore). As a control, the same blots were stripped and reprobed with total GRK2 antisera (ThermoFisher Scientific).
PREX1 localization assay
Plasmids encoding eGFP-PREX1 were generously provided by Dr. Heidi Welch (Babraham Institute) (48, 49) . Jurkat T cells were transiently transfected with eGFP-PREX1 and cultured overnight. Cells were pretreated with 0.1 M paroxetine, 1.0 M IPI-549, or vehicle (DMSO). The cells were stimulated, fixed, permeabilized, and mounted as described for the PLA above. Cells were imaged using an LSM780 laser-scanning confocal microscope (Carl Zeiss) with a ϫ100/1.46 oil objective and laser/emission filter: 488/500 -554 for eGFP-PREX1 to identify transfected cells and 405/411-481 for DAPI (blue). ZEN software was used for imaging. FIJI was used to assess membrane localization. Fluorescence profile was generated along an axis through the cell. Fluorescence intensity at the cell membrane and total fluorescence along the axis were used to calculated percent of PREX1 localized to the membrane.
IL-2 luciferase assay
IL-2 luciferase activity was assayed as described previously (10, 70) . Briefly, Jurkat T cells were transfected with the 585-IL-2 promoter luciferase construct and cultured overnight. Cells were treated with DMSO or 1.0 M IPI-549 for 1 h and then stimulated with plate-bound OKT3 and soluble anti-CD28 for 24 h. Cells were harvested and lysed, and luciferase activity was measured.
mRNA stability assay
To measure mRNA stability, cells were treated with DMSO and 1.0 M IPI-549 1 h prior to stimulation. PBMC T cells were stimulated with plate-bound CD3 mAb (OKT3) and soluble anti-CD28 for 5.5 h and then treated with 8 g/ml actinomycin D for the indicated time. mRNA was reverse-transcribed via iScript cDNA synthesis kit (Bio-Rad) and measured via RT 2 SYBR Green Fluor qRT-PCR (Qiagen) on Light Cycler 480 (Roche Applied Science) utilizing PrimeTime quantitative PCR primer sets (IDT). Transcript levels were normalized to GAPDH and quantified using the 2 ⌬⌬Ct method.
